Purpose: Noninvasive magnetic resonance imaging was used to assess the evolution of seizure-induced pathology in epileptic, carrier, and normal chickens. Our objective was to determine whether repetitively evoked seizures in an epileptic fowl model of generalized seizures resulted in altered brain development.
The discovery in 1970 (1) of a domestic fowl with an autosomal recessive mutation that resulted in high susceptibility to seizures added a valuable model for basic epilepsy research. Crawford (1) reported that the epileptic chickens (homozygous recessive, epi) displayed primary generalized tonic-clonic seizure activities in response to light and acoustic stimulation, whereas normal (homozygous dominant) and carrier (heterozygotes) hatch mates were not affected. Since that time, extensive physiological and biochemical characterization of the mutant Fayoumi fowl continues to provide insights into the basic mechanisms of generalized epilepsy (2, 3) .
It is well known that status epilepticus (SE) can cause neuronal injury (4) . However, conclusive evidence is lacking to establish whether recurrent, relatively brief, generalized seizures in developing brains produce similar pathology. Some indirect evidence supports the premise that recurrent seizures damage the immature brain. Children with epilepsy are found to have lower intelligence quotients than those of the nonepileptic population (5) . However, countering this evidence is the argument that recurrent primary generalized seizures are simply a reflection of underlying brain dysfunction and are not intrinsically harmful (6) . Proponents of this argument reason that the IQ difference in children with epilepsy is not caused by the seizures, but rather by the use of antiepileptic medication (AEDs). While this important controversy awaits further clarification, resolution of this question will influence how vigorously physicians should treat children.
Our laboratory capitalizes on the intrinsic noninvasive nature of magnetic resonance imaging (MRI) to investigate neuronal damage. In particular, we have demonstrated the usefulness of diffusion-weighted MRI (DWI) in monitoring neuropathologic sequelae after SE (7), neurotoxin exposure (8) , and focal ischemia (9) . DWI has proven valuable for assessing the pathophysiology from cerebral ischemia and SE (10) (11) (12) . Our success has prompted us to apply a similar approach in examining the effect of recurrent, nonstatus seizures on the biophysical properties of the developing brain.
MRI techniques often are proton based, using water as a convenient reporter molecule. Because water constitutes a major proportion of brain tissue mass, it may be regarded as a structural constituent (13) . One subset of MRI, DWI, is sensitive to the rate of brownian motion of water molecules, typically a few micrometers. DWI is based on the measurement of signal-intensity attenuation that results from water diffusion in the presence of a magnetic field gradient. The computed apparent diffusion coefficient (ADC) value is a complicated function of tissue-diffusion characteristics that include intracellular and extracellular diffusion coefficients, tortuosity factors such as membrane permeability, cell geometry, and cellular volume fraction. A change in ADC implies that the water diffusion is altered as a result of biophysical changes; here we group these changes for maximal sensitivity to injury rather than isolate individual contributions (14) .
Finally, intrinsic noninvasiveness and sensitivity render most MRI techniques an important imaging modality for serial investigations. We use conventional and diffusionweighted MRI to quantify the biophysical consequences of recurrent grand mal seizures in an epileptic fowl model of primary generalized seizures.
The epileptic chicken is well suited to explore the relation between recurrent primary generalized seizures and neuronal pathology for the following reasons: (a) the epileptic seizures of the epileptic chicken phenotypically and pharmacologically mimic human primary generalized tonic-clonic seizures, which occur with higher frequency in the juvenile population; (b) the seizure is genetically based, avoiding the requirement for chemical or electrical induction of seizures and possible collateral injury; (c) the seizure can be reliably induced with intermittent light stimulation (LS) and thus the seizure frequency is amenable to experimental control; (d) the nonlethal seizure allows full-term study of recurrent seizures; (e) the epi phenotype reaches full expression during the first day after hatching; however, electrical discharges are expressed as synaptic maturation permits (15) . Spontaneous discharges have been observed, but the frequency of spontaneous seizure occurrences is not high in epileptic fowl (16) . Thus it is feasible to investigate long-term and/or cumulative effects of seizures on development; and (f) no evidence exists of epileptiform electrical discharge in carrier or normal chicks in response to LS (15, 17) . These properties suggest that the epileptic chicken is an excellent model to investigate the consequences of recurrent generalized seizures. Our work will be helpful in answering the fundamental question, "Do recurrent primary generalized seizures during development significantly alter the brain biophysical matrix?"
MATERIALS AND METHODS

Animals
All animal procedures were approved by the University of Saskatchewan's animal care committee, whose guidelines are in compliance with the principles of laboratory animal care as contained in NIH publication no. 86-23, revised 1985. Three closely related genotypes (epi, carrier, and normal chicks at 2 days old) were obtained from a mutant stock maintained at the University of Saskatchewan (1). At 2 weeks old, six birds from each genotype were sorted into two experimental groups: photically stimulated and nonstimulated. Every second day, the stimulated group was exposed to intermittent LS at 14 flashes per second of sufficient duration (∼15 s) to evoke a response. Those in the nonstimulated group were otherwise handled normally. Both treatment groups were imaged at 45, 90, and 180 days after hatching. The observed seizure activities are similar to the primary generalized tonic-clonic (grand mal) seizure in humans. They normally feature three distinct phases. At first, there is an opisthotonic arching of the neck. The bird may make pecking movements. On the average, phase I lasts from 5 to 7 s. Next, the bird staggers back and finally loses balance. The wings may be extended to support its body. This phase usually lasts ∼5 s. At last, phase III consists of violent extensions and flexions of the legs and wings. These violent movements of the wings and legs cause the bird to run and tumble. This phase lasts from 30 to 35 s. A period of postictal depression follows the seizure, when the bird appears drowsy and lethargic. This lethargy may persist for long periods before the bird resumes normal activity. The birds are otherwise normal in behavior and in maturation.
Imaging protocols
The animal experiments were carried out following a detailed protocol approved by the Animal Care Committee of the University of Saskatchewan. Birds were anesthetized with isoflurane (Abbott Labs, Saint Laurent, QC, Canada) inhalation (3% induction, 1.2% maintenance) delivered via tracheal tube for the imaging phase. The birds were recovered by halting the anesthesia and removing the trachea tube as consciousness returned.
MRI was performed by using a 3.0-Tesla SMIS spectrometer (Surrey Medical Imaging Systems, Guildford, England) equipped with a 47-mm (ID) quadrature coil (Morris Instruments, Ontario, Canada). T 1 -weighted images (T E = 20 ms, T R = 700 ms) and DW images were acquired by using a spin-echo sequence (18) (T E = 100 ms, T R = 2,200 ms, δ = 20 ms, = 76 ms, where T R is the time allowed between successive excitations for thermal equilibrium; T E is the time allowed for excited nuclei to dephase, δ is the duration of the diffusion-encoding gradient, and is the time allowed for encoded spins to diffuse). For both T 1 and DW sequences, slice thickness was 1.64 mm, and separation (center to center) was 1.64 mm; the field of view was 45 mm; and the data acquisition matrix was 128 × 128. These conditions produced an in-plane resolution (pixel resolution) of 0.35 × 0.35 mm. Overlapping slices stepped through the tissue in 0.8-mm increments, but each slice volume averaged 1.64 mm of tissue. Six coronal slices were positioned to cover the whole cerebral hemispheres and optic lobes of the birds. After slice positioning, four incrementally weighted (b = 0, 10,000, 20,000, 30,000 s/cm 2 , where b is the diffusion-weighting term defined as b = γ 2 g 2 δ 2 , and γ is the characteristic gyromagnetic ratio γ = 4,258 Hz/G for 1 H) DW image data sets were acquired.
Image analysis
T 1 -weighted images were selected for volume analysis, as they provide good anatomic resolution. For each bird, 12 contiguous slices covering the whole brain were acquired. Cheshire image-processing software (Hayden Image Processing Group, Waltham, MA, U.S.A.) was used to outline the volume of interest (VOI): the cerebral hemispheres. Adding all the area values of selected VOIs yielded area (A), because slice thickness (w) was 1.64 mm. Volume (V) of the cerebral hemispheres of each bird was calculated by the following equation:
where the factor 2 corrects for slice overlap. The ADC analysis was conducted by using DWIs. Image segmentation was performed on a single slice where the optic tectum and archistriatum were clearly seen. This position corresponded to A5-A6.5 in the stereotaxic atlases of VanTienhoven and Juhasz (19) . Two bilateral regions of interest (ROIs) were outlined in the optic tectum and archistriatum ( Fig. 1) as representative of regions directly and indirectly associated with the visual pathway. A mean intensity value for each ROI in each weighted image was calculated by using Cheshire. 
Statistics
A comparison of ADC values from left and right bilateral ROIs (Fig. 1) was performed for all chickens by using a two-tailed t test; no significant differences were found. Consequently, both sides were combined for further analysis. Statistical analyses were carried out with a 3 × 2 × 3 factorial arrangement, which evaluated the responses of three chicken types (epi, carrier, and normal birds), two treatments (stimulated and nonstimulated treatment), and three measurement time points (45, 90, and 180 days) on the ADC values. Analyses of variance (ANOVAs) were implemented by the general linear model (GLM) procedure of SAS. Where significant F values were found, treatment means were further compared by using the StudentNewman-Keuls test. Significance was declared at p < 0.05. Significance is indicated in the figures by labeling the data with different letters. 
RESULTS
Volume analysis
In Fig. 2 , volume analysis among different genotypes is presented. The data confirmed that the cerebral hemisphere of epileptic birds was larger than that of either carrier or normal birds. In both stimulated (LS) and nonstimulated (N) groups, the volumes of epileptic brains were greater than those of carrier and normal birds at all time points; carrier and normal brain volumes were similar at each observation time.
Interestingly, photic stimulation treatment appeared to inhibit megalencephaly. At the 90-and 180-day time points, brain volumes in the stimulated group were lower than those of nonstimulated group (10.41 ± 0.31 vs. 11.36 ± 0.46 mm 3 at 90 days, 11.88 ± 0.54 vs. 12.89 ± 0.51 mm 3 at 180 days). No significant volume difference between stimulation groups was observed for carrier and normal birds.
ADC analysis
Developmental changes
ADC values within a genotype in the optic tectum (Fig. 3 ) or in the archistriatum (Fig. 4) were similar, with one exception, over the observed developmental period. At the 180-day time point, the ADC values in epileptic chickens from the LS group had decreased significantly (20%) for both ROIs.
Seizure-induced changes
In the stimulated group, the ADC values of epileptic birds were higher (p < 0.05) than carrier and normal birds at 45-and 90-day time points. At the 180-day time point, no difference was detected. In the nonstimulated group, the ADC values of epileptic chicks were also higher (p < 0.05) than carrier and normal chicks at 45-and 90-day time points, whereas at 180-day time points, the ADC values of epileptic birds were higher (p < 0.05) than normal birds, but not different from carrier birds.
Comparing treatments at 45-and 90-day time points, no difference in ADC values between treatment (± stimulation) was detected in any of the chicken types. At the 180-day time point, the ADC values of epileptic birds in the stimulated group decreased significantly (20%) compared with those of the nonstimulated group. The LS treatment of carrier and normal birds produced no significant changes in ADC.
DISCUSSION
ADC observations
DWI studies have been performed in rat models of ischemia and temporal lobe epilepsy (10) (11) (12) . To our knowledge, this study is the first one in which DWI was used to investigate recurrent nonstatus seizures in any species. A key finding in the present work is that recurrent nonstatus seizures altered characteristic biophysical features in the developing brain. Specifically, epileptic birds experiencing a relatively large number of seizures during their growth exhibited lower ADC values in the optic tectum and archistriatum. These changes were found to be significant at the 180-day observation time point. Parallel experiments determined that significant changes were not present in the nonstimulated group. ADC values are lower in areas of increased tortuosity and or viscosity. These conditions occur during gliosis after seizure-induced neuronal cell death (7) .
Pathologic changes associated with recurrent seizures in developing animal brains have been reported (20, 21) . epileptic condition after recurrent seizures in infant rats. In their model, recurrent seizures in early life resulted in sprouting of mossy fibers in the dentate gyrus. Liu et al. (21) also used young rats to study the consequences of recurrent seizures during early brain development. Their results indicated that recurrent seizures in the immature brain could lead to significant changes in mossy fiber distribution, even though the seizures did not cause cell loss. Reorganization of axon terminals has been observed in models of generalized seizures (22) .
We have previously shown that (nonstimulated) adult birds exhibit cerebrum ADC values near 80 mm 2 /s for the carrier and 90 mm 2 /s for the epi genotype (23) . These values are similar to the values obtained the archistriatum ROI in this study for the nonresponders and for the nonstimulated epi group. The LS treatment of the epi birds in this study resulted in a significant decline in the ADC value of the archistriatum. Considering that nonstimulated birds at 180 days and as adults exhibit similar ADC values, the stimulation treatment appeared to induce changes to the normal maturation of the cerebrum. The nature of these changes is not clear, but it is tempting to speculate that similar morphologic changes to those observed in the rat might occur in the brains of stimulated epileptic chickens. Neuronal sprouting and/or significant increase in glial cell density within the ROIs studied here might impose additional barriers to water movement, reducing the observed ADC. This postulate is consistent with our data showing a significant ADC decrease only in stimulated epileptic birds.
Anesthesia effect
The anesthesia used in imaging experiments has been reported as a confounding factor experiments (24) . However, recent studies suggest that isoflurane, the anesthetic used in these experiments, has little effect on animal homeostasis. In a comprehensive study, Hendrich et al. (2001) detected no change in PaCO 2 , PO 2 , temperature, or cerebral blood flow of the animal (25) . Mean arterial blood pressure was slightly lower in isoflurane-treated animals (25, 26) . In contrast, other anesthetics decreased CBF by 2.5-3.0 in most regions of the brain (24, 25) . A similar study in developmentally sensitive rodents also reported no change in arterial blood gas values (24) . Functional MRI [fMRI, blood level-dependent oxygenation (BOLD)] experiments also report no overt change in brain activity (28) or outcome in response to functional challenges (27) . Thus we feel that isoflurane use during imaging in our experiments likely had minimal if any effect on the altered diffusion values reported.
Volume discussion
Volume analysis of T 1 images (Fig. 2) confirmed the previously reported enlargement of the cerebral hemispheres of epileptic chickens when compared with either carrier or normal chickens (29) . The differential was maintained over the 180-day observation period. Whereas generalized epilepsies are characterized by the absence of definitive morphologic abnormalities according to "The International Classifications of Epilepsies" (30) , epi chickens exhibit megalencephaly. George et al. (29) determined that enlargement was asymmetric: greatest in the telencephalon and present to a lesser degree in the cerebellum; neither the optic tectum nor the nucleus rotundus was significantly enlarged. There was an increase in the numbers of neurons and glial cells and in the neuronal cell but not glial cell packing in the archistriatum. In other enlarged areas such as the hippocampus, no increase in neuronal cell number was seen. The authors concluded that the megalencephaly was attributable to an increase in neuron size and secondarily to an increase in the number of neuronal and glial cells. This latter observation contrasts with other findings from that laboratory in which gliosis was ruled out as a causative factor or consequence of seizures (31) .
It has been reported that recurrent seizures retard brain growth of rat and cat, even when they produce no overt histologic lesions (32) . Wasterlain (33) found that rats experiencing neonatal seizures had significantly smaller brains than their control littermates, whereas no difference was found in their body weights. Thus the megalencephaly in the chicks appears to be the result of different mechanisms (i.e., genetic) than those seen in mammalian species. However, the effect of recurrent seizures on the growth of avian brain has not been reported; the data here show that the cerebral hemisphere volume of stimulated epileptic chickens is smaller compared with that of nonstimulated epileptic chickens at 90-and 180-day time points. These data are consistent then with the reports cited earlier that recurrent seizures inhibit brain growth.
LS treatment influenced brain enlargement during the period before 90 days, because from 45 to 90 days, epileptic chickens from the stimulated group had a 23% increase in size, whereas epileptic chickens from the nonstimulated group had a 28% increase in size; both groups exhibited a 14% increase in brain size from 90 to 180 days. The rate of brain growth decreased in epileptic birds exposed to LS during the period before 90 days. We observed no significant difference in volume when normal and carrier birds were compared at the three observation time points. These data suggest that recurrent seizures may inhibit brain development of the juvenile epileptic chicken. This information points to a need for further detailed analysis of developmentally sensitive changes in epileptic children (34) .
CONCLUSION
In this study, we found that the ADC values in the optic tectum and archistriatum of epileptic chickens from the stimulated group declined in magnitude at 180 days after hatching, whereas the ADC values in the nonstimulated group were not significantly changed. Volume measurements demonstrated that recurrent nonstatus seizures inhibited brain growth.
Our results show a direct link between recurrent seizures and changes to the biophysical matrix of the developing chicken brain. This study identified changes specifically associated with seizure susceptibility that were accessible by using noninvasive MRI techniques. Finally, the accessibility of the chicken to modulation of seizure frequency as well as its convenient maturation period renders it an excellent model for therapeutic evaluation of pharmacologic intervention. 
